Introduction {#s01}
============

The fusion of individual myoblasts into a single syncytial unit constitutes a highly conserved program underlying the formation of body wall and limb muscle fibers and serves as a primary example of the use of cell--cell fusion as a means for conferring specialized tissue properties ([@bib57]; [@bib2]). Study of this fundamental aspect of myogenic differentiation has benefited greatly from investigation in model organisms amenable to genetic analysis ([@bib56]; [@bib1]; [@bib46]). In particular, the study of myoblast fusion during *Drosophila melanogaster* embryogenesis, which gives rise to the musculature of the fly larva, has led to the identification and characterization of a wide spectrum of molecular players involved in the fusion process ([@bib14]; [@bib49]; [@bib33]; [@bib50]).

The larval muscles of *Drosophila*, a holometabolous insect, are destroyed during metamorphosis along with most other tissues and organs, and new muscle groups are generated to serve the distinct requirements of the adult fly ([@bib25]; [@bib24]; [@bib60]; [@bib21]). Prominent among these are the dorsolongitudinal muscles (DLMs), a set of 12 large indirect flight muscle (IFM) fibers, which, together with the smaller, orthogonally positioned dorsoventral muscles, fill the adult thoracic cavity and power flight through connections to the cuticular exoskeleton ([@bib18]; [Fig. 1 A](#fig1){ref-type="fig"}). The DLMs serve as a particularly attractive model for myogenesis. Both their developmental program, which relies on fusion of stem cell--derived migratory myoblasts with a set of target templates, and their myofibrillar organization after maturation, features that are unique among *Drosophila* muscles, resemble key aspects of vertebrate skeletal myogenesis, establishing DLM development as a myogenic program of general relevance ([@bib25]; [@bib8]; [@bib32]).

![**FIB/SEM visualization reveals an extensive flat interface between DLM myotubes and associated myoblasts.** (A) Schematics of an early pupa (left) and an adult fly (right) illustrating the position and relative size of the IFMs. A swarm of wing disc--derived myoblasts (green) fuses with a set of three persistent larval muscles in each pupal hemithorax, which go on to split and mature into a set of six DLMs. (B) A set of six nascent DLMs (asterisks) at 20 h APF visualized using *mef2*-GAL4\>UAS-*mCD8-GFP* (green). DAPI-stained nuclei (blue) fill the syncytial muscles and also mark the positions of the mononucleated myoblasts (m) surrounding the muscle fibers. (C) Low magnification TEM of DLMs at 20 h APF. Mononucleated myoblasts (MBs) surround a syncytial myotube (MT). (D--D") Reconstruction of a FIB/SEM dataset (see [Video 1](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp1}) of a DLM myotube and associated myoblasts. D displays the semitransparent myotube (green) and neighboring myoblasts (individually colored), whereas D' shows the same view of the myoblasts alone, where the flattened surfaces of the myoblasts are readily apparent. D" displays the same cells as in D, at the same magnification, but from a different (tilted) angle, revealing a single myoblast (red, marked by an asterisk, and shown on its own in the inset) extending protrusions toward the myotube. (E and E') Low (E) and high (E') magnification views of the interface between a DLM myotube (MT) and an associated myoblast (MB), prepared for TEM using the hybrid CF and HPF/FS protocol (see Materials and methods section TEM), which allows for high quality preservation of smooth cell membranes and a rich cytoplasm. n, nucleus. Bars: (B) 20 µm; (C and D") 10 µm; and (E and E') 500 nm.](JCB_201503005_Fig1){#fig1}

Despite the appeal of the *Drosophila* IFM model, study of various myogenic processes in this system, including myoblast fusion, has lagged behind the embryonic setting, primarily because of difficulties in applying genetic analysis to an advanced phase of development. Although generation of mosaic mutant clones has traditionally enabled the study of genetic requirements during late developmental events ([@bib9]), the syncytial organization of muscles precludes the use of this powerful tool. The introduction of RNAi-based approaches, which can be applied in spatial- and temporal-specific fashions, now circumvents these problems to a large extent ([@bib65]), and these tools have been successfully used recently in the study of myoblast fusion in IFMs and other adult fly muscles ([@bib47]; [@bib29]).

Ultrastructural analysis using transmission EM (TEM) techniques has made important contributions to the elucidation of cellular mechanisms governing *Drosophila* embryonic myoblast fusion ([@bib20]; [@bib66]; [@bib23]; [@bib38]; [@bib44]; [@bib67]). DLM formation presents a particularly appropriate and unique setting for TEM-level analysis of *Drosophila* myoblast fusion, as it involves many hundreds of repeated fusion events between myoblasts and a set of identical myotubes over a period of only a few hours. Such reiterations hold the promise of observing and distinguishing between different phases of the process and producing a plausible interpretation for progress through individual fusion events from the snapshot nature of TEM datasets, which are generated from fixed material. Investigations of adult IFM formation using these approaches are rare, however, and limited to details of myofibril formation with minimal focus on the fusion process itself ([@bib68]; [@bib54]). The perceived unique benefits of a TEM-based analysis of DLM myoblast fusion, coupled with the genetic manipulations now available for this system, prompted us to apply state-of-the-art TEM methods to this key myogenic setting.

Here, we provide an ultrastructural description and analysis of DLM myoblast fusion in which conventional TEM imaging is combined with 3D visualization methods, including focused ion beam (FIB)/scanning EM (SEM) and scanning transmission EM (STEM) tomography. Importantly, this analysis was performed on IFM samples prepared in a manner that successfully preserves both membrane integrity and cytoplasmic content and was applied to preparations from wild-type (WT) flies, as well as to preparations from flies in which the function of key contributors to the fusion process was disrupted by genetic means. In brief, our observations suggest that cell surface adhesion proteins mediate an initial ordered association between myoblasts and myotubes, while regulators of branched actin networks mediate subsequent flattening of myoblast surfaces, after which the two cell types become tightly apposed. This spatial configuration promotes formation of multiple sites of contact along the apposed surfaces, which give rise to nascent pores that will go on to expand so that full cytoplasmic continuity is achieved. Our results provide a high resolution description of IFM myoblast fusion and its mechanistic underpinnings, which is likely to be general to programs of somatic myogenesis.

Results {#s02}
=======

Myoblast membranes flatten onto the myotube surface {#s03}
---------------------------------------------------

The early developmental stages of IFM formation are challenging for study as an intact tissue at the electron microscope level because the IFM set at this stage occupies a relatively small portion of the histolysing pupal thorax ([Fig. 1 A](#fig1){ref-type="fig"}) and is therefore difficult to identify and isolate. We addressed this problem by expressing GFP constructs specifically in the pupal musculature ([Fig. 1 B](#fig1){ref-type="fig"}), enabling straightforward in vivo identification of the developing IFMs, which were dissected out and processed for TEM visualization. Low magnification views of sectioned material from such preparations readily revealed the established arrangement of multinucleated IFM myotubes surrounded by a "swarm" of mononucleated myoblasts ([@bib59]) as they approach the myotubes and prepare to fuse with them ([Fig. 1 C](#fig1){ref-type="fig"}).

To obtain an appreciation for the spatial organization of the myogenic cells at the height of the fusion process (∼20 h after puparium formation \[APF\]), we subjected the IFM preparations to serial surface imaging ([@bib4]; [@bib75]; [@bib74]). This method, which uses coordinated FIB milling and serial SEM imaging, enables 3D reconstruction of cell and tissue morphology in thick specimens and is therefore suitable for visualization of entire myotubes and their immediate environment at EM-level resolution. Our FIB/SEM analysis revealed that as much as 90% of the myotube surface is engaged in close interactions with its neighboring thoracic myoblasts ([Fig. 1 D](#fig1){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp2}). Although the myoblasts adopt a variety of morphologies, they share one prominent feature in that large portions of their cell bodies flatten onto the myotube surface ([Fig. 1, D and D](#fig1){ref-type="fig"}'). The outcome is an extensive arrangement of closely apposed cell surfaces between the myotube and the oval myotube-embracing myoblasts. The apposed surfaces at these cell--cell interfaces are almost invariably flat, but we also note the infrequent appearance of myoblasts bearing multiple protrusions that extend into the adjoining myotube ([Fig. 1 D](#fig1){ref-type="fig"}").

Tight apposition of myotube--myoblast surfaces coincides with formation of distinct contact sites {#s04}
-------------------------------------------------------------------------------------------------

To characterize the myoblast--myotube interaction at high resolution, we next turned to detailed, high magnification TEM examination of multiple single sections of growing and fusing IFM preparations. Toward this end, we used a hybrid chemical/cryofixation protocol ([@bib72]), which generated preparations showing a high degree of cytoplasm preservation coupled with a strikingly clear demarcation of continuous and smooth cell membranes ([Fig. 1, E and E](#fig1){ref-type="fig"}'; and see Materials and methods section TEM and [Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp3} and accompanying text for a discussion of technical considerations).

Building upon the FIB/SEM-based observations, we initially focused our single-section TEM analysis on features and aspects of the close and extensive association between myotubes and myoblasts leading up to their fusion. Examination of multiple paired cell--cell interfaces revealed two distinct classes of cell appositions between myotubes and neighboring myoblasts. Roughly half (26/50) of these pairings were characterized by long (∼4 µm) stretches of apposed membranes, which, however, did not show any signs of direct contact ([Fig. 2 A](#fig2){ref-type="fig"}). Measurements of the width of the extracellular space separating such cell pairs revealed a spread of intermembrane separation distances, most of which fall into the 22--50-nm range ([Fig. 2, B and H](#fig2){ref-type="fig"}). In contrast, a second class of myotube--myoblast pairs exhibited similar lengthy surface membrane appositions, but these were studded with multiple sites of contact, where no resolvable gap between the surfaces was apparent ([Fig. 2 C](#fig2){ref-type="fig"}). Importantly, appearance of the contacts was associated with a significant overall reduction of intercellular distance, so that ∼60% of measured separations between the neighboring cells covered \<22 nm of extracellular space ([Fig. 2, D and H](#fig2){ref-type="fig"}). We refer to this configuration as "tightly apposed" cell surfaces throughout the text. The observations identifying two distinct configurations of apposed myotube--myoblast pairs suggest an active transition by which neighboring cells are brought closely together to initiate contact that will eventually lead to fusion.

![**DLM myotube--myoblast association and contact involves several distinct configurations.** (A--D) WT DLMs. Views of myotube (MT)--myoblast (MB) interfaces before (A and B) and after (C and D) formation of contact sites (yellow asterisks). n, nucleus. Contact site formation appears to be associated with tighter apposition of the cells. B and D include a color-coded heat map of the distances between neighboring membranes (see Materials and methods section Cell surface distance analysis). Membrane-associated electron-dense plaques, reminiscent of a structure observed in *Drosophila* embryonic preparations ([@bib20]), are occasionally observed (arrowheads in A, but their association with contact sites is not clear. (E--G) DLMs after simultaneous knockdown of the adhesion elements Sns and Hbs (*mef2*-GAL4\>UAS-*sns*-i,UAS-*hbs*-i). (E) A low magnification view demonstrates the resulting fusion arrest phenotype with myoblasts congregating around thin myotubes (MT). (F and G) High magnification views reveal the relatively wide gap between myotubes and neighboring myoblasts, which do not flatten their apposed surface. (H) Bar graph showing the distribution of myotube--myoblast intermembrane distances (see Materials and methods section Cell surface distance analysis). n, number of cells analyzed in single TEM sections. A distance distribution profile in which most (50--70%) membrane separations are of intermediate value (22--50 nm; mean distance = 27.2 ± 15.5 nm) is observed in WT DLM preparations where the cells do not make contact (left bar). The profile is clearly biased toward smaller distances (0--22 nm; mean distance = 15.0 ± 4.7 nm) for WT cell pairs that are in contact with each other (middle bar) and toward larger distances (\>50 nm; mean distance = 65.4 ± 33.0 nm) in adhesion-defective (*sns* + *hbs* RNAi) DLM preparations (right bar). Bars: (A, B, D, and G) 500 nm; (C and F) 200 nm; and (E) 10 µm.](JCB_201503005_Fig2){#fig2}

Cell adhesion elements promote the initial phase of myoblast--myotube association {#s05}
---------------------------------------------------------------------------------

Molecular genetic analysis of myoblast fusion has repeatedly identified elements of two key cellular machineries, intercellular adhesion proteins and mediators of branched actin array formation, as prominent contributors to the fusion process ([@bib71]). We thus reasoned that insight into the cellular mechanisms underlying close association and eventual contact and fusion between myoblast and nascent IFM myotubes could be obtained through study of intercellular adhesion and formation of branched actin arrays. Toward this end, we sought to examine IFM preparations from mutant pupae in which the function of elements mediating these key molecular machineries was compromised.

During *Drosophila* embryogenesis, fusion-related cell--cell adhesion involves cell type--specific Ig domain transmembrane proteins. These include the myotube-specific elements Kin-of-Irre/Dumbfounded (Kirre/Duf) and Roughest (Rst) and the myoblast-specific elements Sticks-and-stones (Sns) and Hibris (Hbs), which act to mediate myotube--myoblast association via heterotypic adhesive interactions ([@bib61]; [@bib22]; [@bib26]; [@bib69]). We had previously established that simultaneously attenuating the function of the myoblast-specific elements Sns and Hbs, via muscle-specific expression of relevant RNAi constructs, led to a strong fusion arrest ([@bib29]). We therefore examined the role of cell adhesion through EM analysis of IFM preparations (∼20 h APF) from such knockdown pupae.

Single sections of this material at low magnification revealed a large population of individual myoblasts congregated around thin myotube templates that displayed a relatively dilute cytoplasm, as expected from situations of fusion arrest ([Fig. 2 E](#fig2){ref-type="fig"}; compare with [Fig. 1 C](#fig1){ref-type="fig"}). Furthermore, and in marked difference to the WT arrangement, where many of the swarming myoblasts are found immediately adjacent to the myotubes, *sns*/*hbs* knockdown myoblasts were not able to complete their approach, with most myoblasts (∼72%) positioned \>50 nm away from the myotube surface ([Fig. 2, F--H](#fig2){ref-type="fig"}). A complementary feature was that mutant myoblasts retained the ball-like morphology characteristic of WT myoblasts still distant from the myotube, with minimal flattening of the membrane facing the myotubes (∼2.5 µm of apposed surface membrane, on average; [Fig. 2, F and G](#fig2){ref-type="fig"}; and [Fig. 3 M](#fig3){ref-type="fig"}). These observations imply that adhesion elements, including Sns and Hbs, mediate a close-range phase of association between IFM myoblasts and myotubes that precedes tight apposition and cell--cell contact and is associated with a flattening of the myoblast surface.

![**Branched actin polymerization and Sing are necessary for tight apposition and contact between DLM myotubes and associated myoblasts.** (A--B') DLM preparations from WT pupae. A low magnification view (A) shows myoblasts (MBs) surrounding a multinucleated myotube (MT), and high magnification panels show myotube--myoblast interfaces before (B) and after (B') establishment of contacts (asterisks). n, nucleus. (C--J) DLM preparations from knockdown and mutant pupae, including *mef2*-GAL4\>UAS*Arp2*-i (C and D), *mef2*-GAL4\>UAS*kette*-i (E and F), *wsp*^1^/Df(3R)3450 (G and H), and *mef2*-GAL4\>UAS*sing*-i (I and J) pupae. Low magnification views (C, E, G, and I) reveal fusion arrest in all cases, with myoblasts congregating around a thin myotube containing few nuclei. Elongated myoblasts sending projections toward the myotube (arrows) are observed in *kette* knockdown (E), *WASp* mutant (G), and *sing* knockdown (I) pupae. High magnification views (D, F, H, and J) demonstrate incomplete apposition and lack of contacts between myoblast and myotube plasma membranes, similar to the WT panel (B). While *kette* knockdown (E), *WASp* mutant (H), and *sing* knockdown myoblasts (J) flatten their apposed surfaces, *Arp2* (D) myoblasts fail to do so. (K) Bar graph showing the frequency of contact sites along apposed myotube--myoblast surfaces in different genetic backgrounds. The number of cell pairs examined and the total length of membrane surveyed for contact sites in the different genotypes were as follows. WT: 50 cell pairs, ∼200 µm; *sns* + *hbs* knockdown: 13 cell pairs, ∼20 µm; *Arp2* knockdown: 18 cell pairs, ∼50 µm; *WASp* mutant: 21 cell pairs, ∼100 µm; *kette* knockdown: 14 cell pairs, ∼50 µm; and *sing* knockdown: 22 cell pairs, ∼100 µm. (L) Bar graph showing the distribution of myotube--myoblast intermembrane distances in different genetic backgrounds generated as in [Fig. 2 H](#fig2){ref-type="fig"}. n, number of cells analyzed in single TEM sections. WT bars are the same as in [Fig. 2 H](#fig2){ref-type="fig"}. Preparations in which the function of branched actin elements or Sing is compromised (four right bars) all display a distance distribution profile in which most (50--70%) membrane separations are of intermediate value (22--50 nm). A similar profile is characteristic of WT DLM preparations where the cells do not make contact (left bar), whereas establishment of contacts between WT cell pairs (second bar from left) is associated with a shift toward smaller distances (0--22 nm) and tight apposition. (M) Bar graph comparing the mean length of myoblast surface membrane apposed to a neighboring myotube in different genetic backgrounds. n, number of myoblast--myotube pairs analyzed. Standard deviation of the measurement range is shown. Asterisks mark bars that are distinct from the WT value in a statistically significant fashion (analysis of variance, F~(6,56)~ = 3.79, P = 0.003). Longer appositions, matching a flattened appearance, are characteristic of both classes of WT myoblasts as well as *WASp* mutant (Dunnett's test, P = 0.99), *kette* knockdown (P = 0.56), and *sing* knockdown myoblasts (P = 0.96) but are not achieved after knockdown of *sns*-*hbs* (P = 0.020), *Arp2* (P = 0.011), or *ELMO* (P = 0.005). Bars: (A, E, G, and I) 2 µm; (B, B', D, F, H, and J) 200 nm; (C) 5 µm.](JCB_201503005_Fig3){#fig3}

The branched actin nucleation machinery mediates myoblast surface flattening and tight myoblast--myotube association {#s06}
--------------------------------------------------------------------------------------------------------------------

The Arp2/3 complex constitutes the primary microfilament nucleating system for generation of branched actin arrays in eukaryotic cells ([@bib30]; [@bib58]) and is triggered by nucleation-promoting factors (NPFs), with the major ones belonging to the WASp and SCAR/WAVE protein families ([@bib52]). These elements have been repeatedly recognized as essential mediators of myoblast fusion in flies and mice ([@bib38]; [@bib44]; [@bib55]; [@bib6]; [@bib28]; [@bib48]; [@bib47]; [@bib31]). We therefore sought to determine which aspects of IFM myotube--myoblast association were dependent on generation of branched actin structures.

Full disruption of branched actin polymerization was achieved after muscle-specific expression of RNAi directed against *Arp2*, which encodes a core subunit of the Arp2/3 complex, resulting in a strong fusion-arrest phenotype ([Fig. 3 C](#fig3){ref-type="fig"}; [@bib47]). Close examination of the myotube--myoblast interfaces in *Arp2* knockdown DLMs revealed a nearly complete failure in establishing points of membrane contact ([Fig. 3, D and K](#fig3){ref-type="fig"}). Furthermore, the myoblast and myotube surfaces are commonly positioned at least 20 nm away from each other, with a spread of intercellular distances resembling that observed in WT DLM preparations before tight apposition and formation of cell contacts ([Fig. 3, B, D, and L](#fig3){ref-type="fig"}). The *Arp2* knockdown myoblasts are morphologically distinct, however, from similarly positioned WT myoblasts in that they maintain only relatively short lengths (∼2.5 µm) of surface membrane in apposition to the neighboring myotube ([Fig. 3, D and M](#fig3){ref-type="fig"}). Therefore, the involvement of branched actin polymerization during IFM myoblast fusion commences after the initial adhesion-mediated positioning of myoblasts near myotubes and is required both for flattening of the apposed myoblast surface and for establishing the tight myotube--myoblast surface apposition associated with contact formation.

Arp2/3 nucleation of branched actin polymerization can be stimulated by different NPFs in response to a variety of signal transduction cues ([@bib30]). To address this issue in the context of DLM myoblast fusion, we separately disrupted the function of the two major Arp2/3 NPF systems, WASp and the SCAR/WAVE complex, and examined the consequences on DLM formation. To interfere with *Drosophila* WASp function, we made use of the strong loss-of-function allele *wsp*^1^. The maternal contribution of *WASp* is sufficient for embryonic development, allowing homozygous and hemizygous zygotic *wsp* mutant flies to survive to pupal stages of development where functional roles, including requirements during IFM myoblast fusion, become apparent ([@bib5]; [@bib47]). This approach cannot be used to study the requirements for the SCAR/WAVE NPF system because mutations in *SCAR* itself, or in elements of its associated complex, result in embryonic/larval lethality. We therefore used for this purpose muscle-specific RNAi-based knockdown of *kette* (also known as *Hem*), which encodes the *Drosophila* Nap1 homologue, a SCAR/WAVE complex subunit that has been used extensively in the study of embryonic myoblast fusion ([@bib66]; [@bib55]; [@bib6]).

As observed after knockdown of *Arp2*, disruption of either of the two NPFs results in a strong arrest of IFM myotube--myoblast fusion ([Fig. 3, E and G](#fig3){ref-type="fig"}), where the tight apposition of the myotube--myoblast interfaces is not achieved ([Fig. 3, F, H, and L](#fig3){ref-type="fig"}), and, correspondingly, contact sites are rare ([Fig. 3 K](#fig3){ref-type="fig"}), and no fusion pores are found. These observations confirm the essential involvement of branched actin polymerization in bringing the surface membranes into close proximity and suggest, furthermore, that the Arp2/3 complex requires activation by both NPF systems in this setting. A second observation is that, unlike *Arp2* knockdown myoblasts, *kette* knockdown or *wsp*^1^ mutant myoblasts appear capable of flattening their surfaces ([Fig. 3, F, H, and M](#fig3){ref-type="fig"}). This may imply that the influence of branched actin on surface flattening can be achieved via either of the two NPF machineries. Surface flattening is likely to involve functional input from yet another actin regulator, ELMO(CED12)-DOCK1, a bipartite guanine exchange factor (GEF) for the Rac GTPase ([@bib11]) and an established, conserved contributor to myoblast fusion ([@bib27]; [@bib40]). We find that a failure to flatten myoblast surfaces is characteristic of the strong DLM fusion arrest observed after muscle-specific knockdown of *ELMO* ([Fig. 3 M](#fig3){ref-type="fig"} and [Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp4}).

Collectively, these observations suggest that branched actin polymerization drives the transition from a state of apposed but separated surfaces (at a distance of ∼20--50 nm), mediated by cell adhesion, to a tight myotube--myoblast surface membrane apposition of \<10 nm, where intercellular distance is minimal and membrane contacts can be established. This transition appears to involve two distinct actin-based events, myoblast surface flattening and the tight apposition of neighboring membranes, leading to formation of cell--cell contact sites. Although actin microfilament networks are difficult to preserve for EM visualization, light microscopy studies have identified a large, transient actin focus that presages and marks fusion sites within both embryonic and pupal myoblasts ([@bib36]; [@bib38]; [@bib55]; [@bib28]; [@bib47]). Establishment of this structure requires both Sns-Hbs--mediated adhesion and a functional Arp2/3 complex, but it can form in the absence of either of the two NPF systems (Fig. S3). It would appear that formation of the actin focus coincides with the functional requirements for branched actin established here, suggesting a framework for its involvement in myoblast fusion.

Shared requirements for Arp2/3 NPFs and the MARVEL domain element Singles-bar during IFM myoblast fusion {#s07}
--------------------------------------------------------------------------------------------------------

Mutations in *singles-bar* (*sing*) result in a strong myoblast fusion arrest during *Drosophila* embryogenesis ([@bib23]). Sing is a member of the MARVEL domain family of transmembrane proteins, which have been implicated as mediators of vesicle fusion and membrane apposition ([@bib62]). Sing may thus constitute a membrane structural element interacting with the various cellular machineries required to promote myoblast fusion. Muscle-specific RNAi-based knockdown of *sing* results in a strong fusion arrest during IFM formation, demonstrating that *sing* function is required for fusion in this setting as well ([Fig. 3 I](#fig3){ref-type="fig"} and Fig. S3; [@bib12]). Interestingly, several features of tissue organization and myoblast morphology observed after knockdown of *sing* closely resemble those seen in *WASp* mutant and *kette* knockdown DLMs. As is common to all backgrounds in which branched actin regulatory factors are disrupted, myoblast and myotube surfaces in *sing* knockdown DLMs are positioned in close (∼20 nm) proximity, but tighter apposition is not obtained, and contacts are rarely observed ([Fig. 3, J--L](#fig3){ref-type="fig"}). Similar to *WASp* mutant and *kette* knockdown myoblasts, *sing* knockdown myoblasts flatten their myotube-apposed surface ([Fig. 3, J and M](#fig3){ref-type="fig"}). The broad similarities between the fusion arrest phenotypes suggest that Sing and the Arp2/3 NPFs operate in tandem as essential contributors to the progress of IFM myoblast fusion.

Myoblast surface protrusions follow functional disruption of Arp2/3 NPFs {#s08}
------------------------------------------------------------------------

To further characterize the consequences of fusion arrest resulting from disruption of Arp2/3 NPF activity, we turned again to FIB/SEM serial scanning, which was applied to DLMs isolated from *WASp* mutant pupae. This analysis revealed a mixed population of myoblasts: those with extensive flat surfaces apposing the myotubes, along with others whose myotube-facing interfaces display multiple protrusions ([Fig. 4 A](#fig4){ref-type="fig"} and [Video 2](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp5}), an uncommon feature among WT myoblasts ([Fig. 1 D](#fig1){ref-type="fig"}"). The full 3D structure of the *WASp* mutant projections can be appreciated from the reconstructions derived from serial scanning ([Fig. 4 A](#fig4){ref-type="fig"}). Measurements based on these data reveal a general similarity to the dimensions of the infrequent protrusions (Fig. [1 D](#fig1){ref-type="fig"}") emanating from WT myoblasts (∼2.3--2.5 µm in length, on average, and ∼0.4 µm in width), suggesting that they represent similar structures.

![**Protrusive extensions are a shared feature of *WASp* mutant and *sing* knockdown myoblasts.** (A) Reconstruction of a FIB/SEM dataset of DLM myotube-associated myoblasts from a *WASp* mutant pupa (see [Video 2](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp6}). A sizable portion of the mutant myoblasts display extensions, mostly oriented toward the myotube, which occupies the center of the panel and was left out of the image for clarity. (B and B\') TEM section of *WASp* mutant DLMs, demonstrating typical myoblast (MB) fusion arrest phenotypes that include an abnormally elongated morphology and finger-shaped extensions (rectangle in B, magnified and false-colored purple in B'), which protrude into the neighboring myotube (MT). The myotube and myoblast surfaces maintain separation along the extensions, and no signs of contact between the cells are apparent. (C and D) TEM sections of *kette* (C) and *sing* knockdown DLMs, demonstrating the *WASp* mutant-like finger-shaped protrusions that myoblasts (MB) often extend toward the myotube (MT) in these mutant backgrounds. No signs of contact between the cells or of tight apposition are apparent along the extensions. (E) Quantification of the frequency and dimensions of surface protrusions in different genetic backgrounds. Although protrusions are a common feature of the myotube-associated myoblasts in *WASp* mutant, *kette* knockdown, and *sing* knockdown DLMs, they are rarely observed in WT, *sns*-*hbs*, *Arp2*, or *Ced-12*/*ELMO* knockdown DLMs. Protrusion dimensions are similar in the different backgrounds. Lengths are shorter than those computed from the FIB reconstructions, as sections do not capture the entire structure. (F) Bar graph showing the distribution of myotube--myoblast intermembrane distances along myoblast protrusions in different genetic backgrounds, generated as in [Fig. 2 H](#fig2){ref-type="fig"}. n, number of individual protrusions analyzed in single TEM sections. Surface-membrane separation profiles along the protrusions on *WASp* mutant, *kette* knockdown, and *sing* knockdown DLMs match those observed for the flat portions of the myoblast surface in these backgrounds (Fig. [3 L](#fig3){ref-type="fig"}). Bars: (A) 2 µm; (B', C, and D) 200 nm; (B) 1 µm.](JCB_201503005_Fig4){#fig4}

The surface protrusions are readily observed upon examination of TEM sections of *WASp* mutant DLM preparations ([Fig. 4, B and B](#fig4){ref-type="fig"}') and were also found to extend from the myotube-facing surfaces of *kette* knockdown and *sing* knockdown myoblasts using this method ([Fig. 4, C and D](#fig4){ref-type="fig"}). Measurements of protrusion dimensions using the TEM sections again demonstrated a general similarity between protrusions emanating from WT myoblasts and those from *WASp* mutant, *kette* knockdown, and *sing* knockdown myoblasts ([Fig. 4 E](#fig4){ref-type="fig"}). Furthermore, the characteristic intercellular distance of \>20 nm from the myotube, observed for the flat portions of myotube surfaces, is maintained along myoblast surface extensions in both instances of Arp2/3 NPF functional disruption and after *sing* knockdown ([Fig. 4 F](#fig4){ref-type="fig"}), and no points of membrane contact with the myotube were observed.Surface protrusions are not a general feature of fusion arrest, as the surfaces of myoblasts in *sns*-*hbs*, *Arp2*, and *Ced-12/ELMO* knockdown DLM preparations, all of which fail to flatten, remain smooth, exhibiting few protrusions if at all ([Fig. 4 E](#fig4){ref-type="fig"}).

Myotube--myoblast fusion involves formation and expansion of multiple fusion pores {#s09}
----------------------------------------------------------------------------------

Having established an apparently stepwise process through which DLM myoblasts and myotubes achieve tight apposition and contact between their surface membranes before fusion, we sought to determine the manner by which subsequent cytoplasmic continuity between the two cell types is accomplished. Closer examination of the multiple cell--cell contacts described above ([Fig. 2, C and D](#fig2){ref-type="fig"}; and [Fig. 3 B](#fig3){ref-type="fig"}'), which form almost exclusively between tightly apposed myoblast and myotube membranes, suggested that the cell surfaces at these sites display one of two possible conformations of similar size ([Fig. 5, A--C](#fig5){ref-type="fig"}'). One is an X-shaped appearance of the contact site, in which the paired surfaces remain distinct but are drawn close together, to within a few nanometers of each other ([Fig. 5, A](#fig5){ref-type="fig"}' and B'). The second conformation, observed less frequently, is characterized by a blurred contact interface bordered by membrane loops, where the two apposed surfaces appear to be joined together ([Fig. 5, B](#fig5){ref-type="fig"}' and C'). The similar dimensions of these contacts, and the simultaneous presence of both configurations in individual sections, suggests that they represent successive steps in the formation of nascent fusion pores.

![**Multiple contact sites and nascent fusion pores form between tightly apposed myotube and myoblast surfaces.** (A--C'). Three examples of paired and tightly apposed myotube (MT)--myoblast (MB) surface membranes displaying points of contact. Primed panels represent high magnification views of regions in left panels. Yellow asterisks mark the X-shaped configuration, where both membranes remain intact, whereas red asterisks mark blurred interfaces bordered by membrane loops, presumably representing nascent fusion pores. (D and D') Myotube--myoblast interface displaying small fusion pores (red arrowheads). (D') Cytoplasmic continuity can be recognized by apparent flow of dark, round ribosomes through the pores. (E) Tomogram 3D reconstruction of a myotube--myoblast interface displaying multiple cell--cell contacts (green) and small pores (yellow). Membranes are colored pink. STEM was performed on 350--400-nm-thick sections. Also see [Video 3](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp7}. (F and F'). Tomogram 3D reconstruction of a single pore, viewed from two different angles. Also see [Video 4](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp8}. Bars: (A, A', B, B', and C') 100 nm; (C and D) 500 nm; (D' and E) 200 nm; (F and F') 25 nm.](JCB_201503005_Fig5){#fig5}

Myotube--myoblast interfaces exhibiting clear features of cell fusion and cytoplasmic continuity contain multiple membrane discontinuities (which we refer to as pores) along the paired surface membranes ([Fig. 5, D and D](#fig5){ref-type="fig"}'). Such pore-containing interfaces comprise more than half (14/24) of the surveyed population of myotube--myoblast pairs in close contact with each other. These pores, which were associated only with the tightly apposed, contact-studded class of membrane pairs, range in size (50--150 nm) and display looped membrane borders, suggesting that they form by further expansion of the initial cell--cell contact sites and nascent fusion pores. This interpretation is supported by the observation of apparent material flow through the enlarged pores ([Fig. 5 D](#fig5){ref-type="fig"}'), suggesting that the cell cytoplasms are beginning to mix.

To obtain a 3D appreciation for the features associated with the appearance of fusion pores, we subjected IFM blocks to dual-axis STEM tomography, a useful and informative method for ultrastructural visualization of thick specimens ([@bib3]; [@bib73]). STEM analysis revealed that the large and flat interfaces between template myotubes and closely associated myoblasts are pock-marked with a variety of surface discontinuities (contact sites and pores) of different sizes and dimensions, consistent with an ongoing process in which contacts arise at multiple locations and mature into fusion pores ([Fig. 5 E](#fig5){ref-type="fig"} and [Video 3](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp9}). 3D rendering of the tomograms accentuates the continuous nature of the pores, which span the area between the neighboring cell surfaces and gradually expand ([Fig. 5, F and F](#fig5){ref-type="fig"}'; and [Video 4](http://www.jcb.org/cgi/content/full/jcb.201503005/DC1){#supp10}).

Further progress of the fusion process could be recognized in single TEM sections of interfaces containing larger pores in the 100--500-nm range ([Fig. 6 A](#fig6){ref-type="fig"}). In these sections, the overall lengths of the apposed stretches of surface membranes are considerably shorter, whereas the surfaces bounded by the loops often separate, generating oblong, sac-like structures ([Fig. 6 A](#fig6){ref-type="fig"}'). These enclosures appear to break up into smaller entities ([Fig. 6 B](#fig6){ref-type="fig"}), which disperse within the cytoplasm of the fusing cell pair, suggesting that the merged cell membranes are removed by vesiculation.

![**Fusion pore expansion leads to cytoplasmic continuity between fusing myoblasts and myotubes.** (A and A'). Myotube (MT)--myoblast (MB) interface displaying expanded fusion pores (red arrowheads). A' is a higher magnification view of a portion of A. Cytoplasmic continuity is clearly discernible, and paired membranes between pores form an expanded enclosure. (B) Myotube--myoblast pair at an advanced phase of fusion. The cytoplasm is uniform in appearance, and the cell--cell interface appears as a series of vesicle-like structures (red arrowheads). n, nucleus. Bars: (A and B) 500 nm; (A') 200 nm.](JCB_201503005_Fig6){#fig6}

In summary, our ultrastructural analysis suggests that the incorporation of myoblasts into growing DLM myotubes involves progress through several forms of association between the two myogenic cells, followed by the establishment of a large number of small pores traversing the paired membranes, whose expansion leads to complete fusion.

Discussion {#s10}
==========

We have used advanced TEM methods for high resolution visualization of myoblast fusion during formation of the *Drosophila* IFMs. IFM development provides an informative setting for the study of this fundamental aspect of myogenesis, as it allows for application of powerful genetic approaches available in *Drosophila* to a muscle set that shares a variety of morphological and developmental features with the vertebrate somatic musculature, thereby holding the promise of uncovering conserved principles of the fusion process. Furthermore, this setting is characterized by a large number of repeated and identical fusion events that take place over a short time period, features that are critical for reliable interpretation of the underlying sequence of cellular events.

Our observations demonstrate that fusion between growing IFM myotubes and the myoblasts that surround them involves tight association between large surface domains of the two cell types and formation of numerous cell--cell contacts within the apposed surfaces. These points of contact appear to serve as precursors for small fusion pores, which go on to expand, leading to merging of the surface membranes at multiple sites, establishment of cytoplasmic continuity, and, finally, complete cell fusion. Use of informative mutant and knockdown backgrounds has further enabled us to view these observations as a progressive series of discrete cellular events, and propose a framework for the underlying developmental and molecular mechanisms ([Fig. 7](#fig7){ref-type="fig"}):

![**Model for progress of IFM myoblast fusion.** (I) Wing disc--derived myoblasts (green) migrate toward the nascent DLM myotubes (red) and congregate in their vicinity at a distance of 50 nm or more. (II) An initial phase of myoblast--myotube apposition is mediated by cell adhesion elements such as the myoblast cell surface protein Sns. Cell surfaces are positioned 20--50 nm from each other. (III) A branched actin--dependent cell shape change, also involving ELMO, flattens the myoblast surface. (IV) A second branched actin--based process, dependent on the activity of the NPFs WASp and SCAR/WAVE, as well as on the membrane protein Sing, brings the cells in close apposition (\<10 nm). This tight association allows for the formation of multiple cell--cell contacts, which serve as sites for initiation of nascent fusion pores. (V and VI) The surface membranes merge and vesiculate as the pores expand, so that eventually full cytoplasmic continuity is obtained, and the myoblast is incorporated into the DLM myotube.](JCB_201503005_Fig7){#fig7}

1\. IFM growth initiates at an early phase of pupal development, when a swarm of wing disc--derived myoblasts, originating from muscle stem cells ([@bib32]), migrates toward the nascent DLM myotubes, a persistent set of larval muscles, and congregates in their vicinity ([@bib25]; [@bib60]; [Fig. 7](#fig7){ref-type="fig"} I). This initial, loose form of association between the two cell types triggers a program of myoblast differentiation involving down-regulation of Delta--Notch signaling between the myoblasts ([@bib7]) and leading to acquisition of fusion competence through the expression of key contributors to the myoblast fusion process, such as elements of the adhesion and branched actin machineries ([@bib29]).

2\. Knockdown of the cell surface element Sns, together with its functional partner Hbs, allowed us to first assess the involvement of cell adhesion in initiating IFM myoblast fusion. The results of this analysis suggest that adhesive interaction between cell surface proteins promotes an ordered form of apposition between the myotube and the surrounding myoblasts, where the neighboring cell surfaces are brought to within ∼20--50 nm of each other ([Fig. 7](#fig7){ref-type="fig"} II). This degree of separation between the two surfaces is in good agreement with the expected size of the Duf-Sns adhesion complex (45 nm) derived from the crystal structure of the *Caenorhabditis elegans* homologues SYG-1 and SYG-2 ([@bib51]).

3\. Positioning of the cells via cell adhesion appears to be a key intermediate step that serves as a prerequisite for the events that follow. One of these is a flattening of the myoblast cell membrane facing the myotube, increasing the area of the apposed surfaces ([Fig. 7](#fig7){ref-type="fig"} III). This process requires a functional Arp2/3 complex, implying involvement of the branched actin nucleation machinery. A second actin-related element implicated in myoblast surface flattening is the Rac-GEF subunit ELMO/CED-12. A possible molecular scenario ([@bib33]) is that ELMO-dependent activation of Rac, possibly through cross talk with transmembrane cell surface adhesion proteins, leads to stimulation of the Arp2/3 NPF SCAR/WAVE in this context. However, the capacity of *kette* knockdown myoblasts to flatten their surface suggests that additional targets downstream of the ELMO GEF participate in this branched actin--dependent cell shape change.

4\. A second actin-based process, which we view as a particularly critical step for initiation of fusion, brings the myoblast and myotube membranes in tight (\<20 nm) apposition to each other ([Fig. 7](#fig7){ref-type="fig"} IV). Initial intermembrane separation on the order of 10--20 nm is characteristic of pairs of biological membranes destined to fuse, and dedicated mechanisms are required to reduce the distance between them to the single nanometer range ([@bib16]; [@bib43]). Such short distances are compatible with formation of hemifusion intermediates between the outer leaflets of fusion membrane bilayers, a critical, unifying feature underlying vesicular, viral-cell and developmental cell--cell forms of membrane fusion ([@bib17]; [@bib63]; [@bib42]). We suggest that the multiple point-like contacts between myoblast and myotube surfaces, which form upon tight apposition, represent sites at which productive fusion between plasma membranes is initiated, in a process requiring the activity of the Arp2/3 NPFs WASp and SCAR/WAVE as well as the transmembrane MARVEL domain protein Sing.

IFM myoblast fusion appears, therefore, to repeatedly make use of molecular cross talk between transmembrane and branched actin nucleation elements to achieve the cell surface arrangements that characterize and promote the different phases of the fusion process. It is interesting to consider the manner by which such cross talk could promote closing of the gap between myoblasts and myotubes, so as to achieve a fusion-ready state. Recent studies have suggested diverse mechanisms by which actin contributes to reorganization of adhesion proteins and enhancement of adhesive interactions in epithelia ([@bib35]; [@bib76]). An attractive scenario in the context of myoblast fusion is that initial and relatively weak adhesion interactions, involving the Duf--Rst-Sns--Hbs system, stimulate stronger interactions (via enhanced adhesion between the same elements or incorporation of a distinct molecular adhesion system altogether) in a process mediated by the branched actin machinery.

5\. We propose that the multiple and small cell--cell contacts serve as sites for initiation of nascent fusion pores. The surface membranes merge and vesiculate as the pores expand, so that full cytoplasmic continuity is eventually obtained ([Fig. 7](#fig7){ref-type="fig"}, V and VI), and the myoblast is incorporated into the DLM myotube. We previously identified a role for WASp in pore expansion during myoblast fusion in *Drosophila* embryos ([@bib44]). The requirement for WASp at an earlier phase of the process in IFMs, in promoting tight surface membrane apposition, prevents direct assessment of its contribution to pore expansion in this context.

This proposed sequence of events for *Drosophila* IFM myoblast fusion shares several fundamental features with models of cell fusion in diverse settings ([@bib20]; [@bib70]; [@bib15]). One key aspect is that membrane interactions between the cells are initiated at multiple and presumably random sites of contact that are established along the apposed surfaces, giving rise to nascent pores. Additional common features include expansion of the small pores as a means of achieving cytoplasmic continuity and vesiculation of the merged cell membranes before their removal from the former cell--cell interface.

Importantly, initiation of IFM fusion via multiple membrane discontinuities agrees with the classic portrayal of somatic muscle myoblast fusion in *Drosophila* embryos ([@bib20]) but differs substantially from more recent descriptions of myoblast fusion in this setting ([@bib67]; [@bib13]; [@bib34]). These latter models propose a primary role for invasive, myoblast-based membrane extensions in promoting a fusion process based on expansion of a single pore. Although protrusive extensions of similar dimensions emanate from WT IFM myoblasts, they are only infrequently observed. Although no overt aspects of cell surface contact and fusion pore formation were found to be associated with these structures, their relative scarcity precludes a definitive assessment of their contribution to myoblast fusion in this setting. An excess of protrusions is found in *WASp* mutant, *kette* knockdown, and *sing* knockdown pupae. These protrusions are similar in appearance and dimension to those observed on WT myoblasts and maintain the same myoblast--myotube distance distribution profile as the flat portions of the cell surface. Notably, protrusions are absent from *sns*/*hbs*, *Arp2*, and *ELMO* fusion-arrested IFMs. Collectively, these observations may imply that the low level protrusive activity of IFM myoblasts, whose functional significance is presently unknown, commences upon myotube association and flattening of IFM myoblast membranes and becomes pronounced in the absence of a productive fusion process.

Building upon the involvement of the cell adhesion and branched actin machineries in IFM myoblast fusion established here, future studies can now focus on the roles that specific elements play during this process. A variety of fusion-related functions have been ascribed to the Arp2/3 system in mediating myoblast fusion during development of the somatic muscles of *Drosophila* embryos, including, among others, myoblast migration toward myotube targets, formation and dissolution of the actin focus, and establishment of invasive myoblast surface extensions. In this context, we also wish to note recent studies that have suggested roles for actin-based myosin motors in embryonic myoblast fusion ([@bib10]; [@bib37]). All of these constitute intriguing mechanistic modes for using the actin-based cytoskeleton and are highly worthwhile of exploring in the context of the IFM system as well.

In summary, we propose a mechanistic framework at high resolution for myoblast fusion during *Drosophila* IFM formation. This program involves a stepwise process in which the plasma membranes of myoblasts destined to fuse are placed in tight apposition with the myotube, giving rise to multiple contact sites that resolve into expanding fusion pores. Specific roles are suggested for transmembrane and cytoskeletal elements in mediating this series of events. We expect this model to be of widespread significance as it pertains to a setting bearing general features and characteristics of myogenic differentiation.

Materials and methods {#s11}
=====================

*Drosophila* IFM preparation and genetics {#s12}
-----------------------------------------

White (0--1 h APF) pupae were aged appropriately and dissected at room temperature on Sylgard plates (Dow Corning) in a 200-µl drop of Schneider's *Drosophila* medium. A recombinant chromosome bearing both the *mef2*-GAL4 driver ([@bib53]) and a UAS-*mCD8-GFP* transgenic insertion ([@bib41]) was present in all backgrounds to aid in IFM dissection by viewing the pupae under blue light with a fluorescence stereomicroscope (MZ16F; Leica). The isolated muscles were immediately placed in the appropriate fixative. The recombinant *mef2*-GAL4,UAS-*mCD8-GFP* chromosome also contained a UAS-*Dicer2* element for enhancement of RNAi activity ([@bib19]). RNAi-based knockdown of specific genes was achieved by crossing flies bearing the recombinant chromosome to flies bearing UAS-RNAi transgenes from the Vienna *Drosophila* Resource Center (VDRC) and Transgenic RNAi Project (TRiP) collections. TRiP lines were obtained from the Bloomington *Drosophila* Stock Center at Indiana University. UAS-RNAi lines used in the study include *sns* (VDRC GD877), *hbs* (VDRC GD27065), *Arp2* (TRiP JF02785), *kette/HEM* (TRiP HMS02252), and *sing* (VDRC GD12202). IFMs isolated from the *mef2*-GAL4,UAS-*mCD8-GFP* stock served as the WT control. The strong *wsp*^1^ allele results from a small intragenic deletion within the *WASp* coding sequence ([@bib5]).

Immunofluorescence {#s13}
------------------

Dissected IFMs were fixed at room temperature in 4% paraformaldehyde/PBS for 20 min, washed, and stained overnight at 4°C with chicken anti-GFP antibodies (1:1,000; Abcam) and, after washes, for 2 h at room temperature with Alexa Fluor 488--conjugated goat-anti--chicken antibodies (1:1,000; Molecular Probes) to visualize myogenic cells. Microfilaments were visualized by incubation (together with the secondary antibodies) with either 5 µg/ml TRITC-phalloidin (Sigma-Aldrich) or Atto647N-phalloidin (Fluka), and nuclei were similarly visualized with DAPI. Images of immunofluorescent samples were obtained at room temperature using a confocal scanning system (LSM 710; Carl Zeiss) equipped with a microscope (Axio Vert; Carl Zeiss) and using a 40× water-immersion 1.1 NA lens. Initial image acquisition was performed using the imaging system Zen software, and images were processed using Photoshop (CS3; Adobe).

TEM {#s14}
---

Isolated pupal IFMs were generally processed by a hybrid method using principles of both chemical fixation (CF) and high pressure freezing (HPF) followed by freeze substitution (FS). Muscles were chemically fixed using a mixture of 4% paraformaldehyde and 2.5% glutaraldehyde (Electron Microscopy Sciences) in sodium cacodylate buffer, pH 7.4, for 1 h at room temperature and washed three times for 10 min with buffer alone. Samples were then quickly placed in aluminum planchettes with 50-µm deep depressions (Wohlwend GmbH), filled with 10% BSA in Schneider's *Drosophila* medium (Sigma-Aldrich), and covered with a flat disc. The sandwiched samples were cryoimmobilized in a HPF machine (HPM010; Bal-Tec). FS was performed in an automated FS apparatus (Leica). Frozen planchettes were transferred to precooled cryogenic vials containing FS medium (1% OSO~4~ and 0.1% uranyl acetate in anhydrous acetone). The samples were incubated at −90°C for 36 h, and the temperature was then slowly raised to −20°C over 24 h. Samples were then removed, kept at 0°C for 1 h, rinsed three times for 10 min with anhydrous acetone, incubated in 2% uranyl acetate for 30 min at room temperature, and rinsed twice with anhydrous acetone. The samples were infiltrated with a mixture of acetone and epon (Agar Scientific) at 30% for 4 h, 60% overnight, 90% for 4 h (4°C), and 100% two times for 12 h at room temperature and embedded and polymerized at 60°C for 48 h. Ultrathin sections were cut using an Ultracut apparatus (Ultracut UCT; Leica). Sections were poststained with 1% lead citrate and 2% uranyl acetate. Images were recorded using a transmission electron microscope (T12 spirit BioTWIN; FEI) operating at 120 kV and equipped with a charge-coupled device camera (Eagle 2K; FEI). Images were processed using Photoshop.

STEM tomography {#s15}
---------------

Processed IFM samples were cut into 350--400-nm-thick sections using a microtome (Ultracut E; Leica). Both sides of the sections were decorated with 10-nm colloidal gold beads, which served as fiducial markers. Sections were subsequently stained and carbon coated. Dual-tilt series were acquired with a microscope (Tecnai F20; FEI) equipped with a field emission gun operating at 200 kV in scanning transmission mode and using a brightfield STEM detector (Gatan). Images were acquired using the SerialEM program for automated tilt series collection as previously described ([@bib45]) at angular intervals of 1.5° over a tilt range of 70° to −70° (2k × 2k pixel). Alignment and 3D reconstruction were performed using the IMOD image-processing package as previously described ([@bib39]). Tomograms were segmented and rendered using AVIZO 3D visualization software.

FIB/SEM imaging {#s16}
---------------

Serial view imaging was performed on processed IFM samples as previously described ([@bib75]). In brief, resin blocks were mounted on stubs and placed into a dual beam system (Helios 600; FEI). Serial views of freshly exposed surfaces were acquired using the Auto Slice and View G2 software (FEI). An ion beam current of 0.92 NA at 30 kV was used for milling slices at a step size of 10 nm. ImageJ software (National Institutes of Health) was used to align images using the stackreg plugin as previously described ([@bib64]). Amira (Visage Imaging) was used for segmentation (using the paint brush tool), rendering, and visualization of the data.

Cell surface distance analysis {#s17}
------------------------------

FIJI and MATLAB software (MathWorks) were used to measure the distance between the myoblasts and myotubes during fusion. Membranes from both the cells at the contact zone were marked using the polygon section-copy-edit-selection-create mask (binary). Using MATLAB, all the pixels in the mask were added up, and the values were binned into the different categories.

Online supplemental material {#s18}
----------------------------

Fig. S1 is a discussion of the features of the hybrid TEM method and comparison with other TEM techniques. Fig. S2 shows a presentation and analysis of *ELMO* mutant phenotypes. Fig. S3 is a visualization of fusing myoblasts and associated actin foci in WT and mutant backgrounds using fluorescent probes. Video 1 depicts a visualization of a WT DLM myotube and adjacent myoblasts using FIB/SEM serial view imaging. Video 2 shows a visualization of a *WASp* mutant DLM myotube and adjacent myoblasts using FIB/SEM serial view imaging. Video 3 portrays a visualization of a myotube--myoblast interface using STEM tomography. Video 4 shows a visualization of a single fusion pore from a myotube--myoblast interface using STEM tomography. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201503005/DC1>.
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